It has been widely accepted that an active continental margin existed along the coast of Southeast China during the Mesozoic time that produced extensive magmatism in the region. However, there is little constraint as to when this active margin was first initiated. Here we present new SHRIMP U-Pb zircon ages and geochemical and Sr-Nd isotopic data for syntectonic granites on Hainan Island. Our data demonstrate that these rocks, dated at 267-262 Ma, are typical of calc-alkaline I-type granites formed in continental arc environments. The age of this magmatic arc coincides with a sudden change in sedimentary environments in South China during the Permian time, suggesting that the South China Indosinian Orogeny was likely contemporaneous with the onset of continental arc magmatism.
Introduction
Present-day Southeast Asia comprises a complex assembly of allochthonous continental blocks that amalgamated during the Early Mesozoic after they rifted away from Gondwanaland (Metcalfe 1996) . South China was the largest among these blocks and played key roles in the formation of continental Southeast Asia ( fig. 1 ). Extensive studies have been conducted on the Qinling-Dabie Orogen along its northern margin (e.g., Li et al. 1993; Hacker et al. 1998; Meng and Zhang 2000) , the Longmenshan fold belt along its northwestern margin (e.g., Chen and Wilson 1996; Roger et al. 2004; Harrowfield and Wilson 2005) , and the Indosinian Orogen to the south (e.g., Lepvrier et al. 1997 Lepvrier et al. , 2004 Carter et al. 2001) . However, the orogen within the South China interior, i.e., the South China Indosinian Orogen in Chinese literature (i.e., Cui and Li 1983) , is still poorly understood. This orogenic belt is manifested by a series of thrust, ductile shear zones and granitoid intrusions of mainly Triassic age throughout an area ca. 1300 km wide and 2000 km long from Manuscript received July 18, 2005; accepted December 13, 2005. 1 Tectonics Special Research Centre, School of Earth and Geographical Sciences, University of Western Australia, Crawley, Western Australia 6009, Australia. the coastal areas to the Xuefengshan mountain range in western Hunan Province (e.g., Li 1998; Chen 1999; Yan et al. 2003; Wang et al. 2005) . Hsü et al. (1988) proposed an Alpine-type collisional orogenesis in this region by reinterpretation of the Banxi Group as an early Mesozoic mé lange. However, this collision model caused considerable debate (Rodgers 1989; Rowley et al. 1989 ) and was refuted by many subsequent studies (e.g., Chen et al. 1991; Li and McCulloch 1996) . Most researchers believe that the southeastern margin of the South China Block was a passive margin until midMesozoic (e.g., Metcalfe 1996; Li 1998) and that the magmatic belt represents a continental magmatic arc that started from ca. 180 Ma and lasted until ca. 90 Ma (e.g., Jahn et al. 1990; Zhou and Li 2000) . If correct, this would imply that the coastal magmatic arc had little to do with the Indosinian Orogeny and the development of the early Mesozoic South China Fold Belt. In this article, we present new SHRIMP U-Pb zircon ages and geochemical and Sr-Nd isotopic data that indicate the presence of a continental magmatic arc in southeastern Hainan Island at ca. 270-260 Ma. We suggest that a continental arc system was developed along the South China continental margin in the late Early Figure 1 . Distributions of principal continental blocks of present-day Southeast Asia and the Indosinian Fold Belt in South China, modified after Metcalfe (1996) and Li (1998). Permian, which probably signifies the beginning of the Indosinian Orogeny in South China.
Geological Background
Hainan Island, the second largest island in China, is located off the southern coast of South China. It is a continental-type island separated from the mainland by the Qiongzhou Strait ( fig. 2) . The Baoban Complex, which was intruded by the 1.43 Ga granitoids (Li et al. 2002b) , is known as the oldest basement rock occurring in the southwest part of the island. The island was generally considered part of the Cathaysia block that collided with the Yangtze block by 1000-900 Ma and remained part of that block (e.g., Li et al. 2002b) .
Granitoid rocks account for ca. 40% of the island's land area, with ca. 60% of them being considered of Indosinian (Triassic) age and the remainder of Yanshanian (Jurassic and Cretaceous) age (Wang et al. 1991) . The Indosinian granitoids are mainly nonfoliated, medium-to coarse-grained monzogranite with abundant K-feldspar megacrysts that outcrop mainly in the central part of the island. They are named the Qiongzhong and Danxian batholiths in the southeast and northwest, respectively, separated by the Cretaceous Baisha Basin. Strongly foliated granitoids outcrop over an area of ca. 800 km 2 in the Wuzhishan Range within the Qiongzhong batholith ( fig. 2) . We name them the Wuzhishan Orthogneiss, which was previously misidentified as the "Shang'an migmatite" of unknown age (Wang et al. 1991) . The gneissic foliations, defined by parallel-oriented K-feldspar phenocrysts and biotite flakes ( fig. 3) , have dominant NE to ENE strike directions (30Њ-80Њ) and dip at medium angles toward the southeast. The Wuzhishan Orthogneiss is composed predominantly of biotite granite and granodiorite, consisting of rockforming minerals of quartz, K-feldspar, plagioclase, biotite, hornblende, and pyroxene as well as accessory minerals including zircon, apatite, allanite, titanite, magnetite, and ilmenite. Mafic magmatic enclaves occur sporadically in the orthogneiss. Some highly felsic granitic samples contain 1%-2% garnet. In the Tongza area, the Wuzhishan Orthogneiss was intruded by the Indosinian Qiongzhong granite, and the orthogneiss occurs as enclaves in sizes from several tens of centimeters up to 10 m inside the coarse-grained, K-feldspar megacryst-enriched monzogranite (Wang et al. 1991) .
Analytical Procedures
Zircons were separated from two granite samples using standard density and magnetic separation techniques. Zircon grains, together with a zircon U-Pb standard (TEMORA), were cast in an epoxy mount, which was then polished to section the crystals in half for analysis. Zircons were documented with transmitted and reflected light micrographs as well as cathodoluminescence (CL) images to reveal their internal structures, and the mount was vacuum-coated with a 500-nm layer of high-purity gold. Measurements of U, Th, and Pb were conducted using a SHRIMP II ion microprobe in the Institute of Geology, Chinese Academy of Geological Sciences (Beijing) for sample 99HN25-4 and the Curtin University of Technology (Perth) for sample 04HN278. U-Th-Pb ratios were determined relative to the TEMORA standard zircon with corresponding to 417 Ma 206 238
Pb/ U p 0.0668 (Black et al. 2003) , and the absolute abundances were calibrated to the standard zircons SL13 and CZ3. Analyses of the TEMORA standard zircon were interspersed with those of unknown grains, following operating and data processing procedures similar to those described by Williams (1998) . Measured compositions were corrected for common Pb using the 204 Pb method. Corrections were sufficiently small and insensitive to the choice of common Pb composition, and an average crustal composition (Cumming and Richards 1975) Wang et al. (1991) and Li et al. (2002a) . quoted at the 95% confidence level. The U-Pb zircon data are presented in table 1.
After petrographic examination, the freshest samples from the Wuzhishan Orthogneiss were selected for geochemical and Sr and Nd isotopic analyses at the Guangzhou Institute of Geochemistry, Chinese Academy of Sciences. The geochemical data are presented in table A1 (available in the online edition or from the Journal of Geology office). Major-element oxides were determined by x-ray fluorescence techniques on fused glass beads using a Rigaku ZSX100e spectrometer, and the analytical precision ranges from 1% to 5%. Trace elements were analyzed using a Perkin-Elmer Sciex ELAN 6000 inductively coupled plasma mass spectrometer (ICP-MS). Analytical procedures are similar to those described by Li (1997) . Analytical precision is generally within 5%.
Sr and Nd isotopic analyses were performed on a Micromass Isoprobe multicollector ICP-MS using analytical procedures described by Wei et al. (2002) and Li et al. (2004) . Sr and rare earth elements (REEs) were separated using cation columns, and Nd fractions were further separated by HDEHPcoated Kef columns. The aqueous Sr and Nd solutions were taken up in 2% HNO 3 and introduced into the multicollector ICP-MS using a Meinhard glass nebulizer with an uptake rate of 0. 
SHRIMP U-Pb Age Results
Sample 99HN25-4. This is a medium-grained granite from the eastern part of the Wuzhishan Orthogneiss (18Њ54Ј38ЉN, 109Њ58Ј07ЉE). Zircons are mostly euhedral showing concentric zoning, range up to 100-150 mm in length, and have length to width ratios of about 2 : 1 to 3 : 1. Most are relatively transparent and colorless, although a few are dark brown and turbid as a result of high uranium content. Euhedral concentric zoning is common in most crystals; inherited zircon cores were rare. Seventeen analyses of 17 zircons were obtained in sets of five scans during a single analytical session (table  1) . They have moderately high, variable abundance of Th (86-694 ppm) and U (747-2245 ppm), with the exception of spot 11.1, which has low abundance of Th (60 ppm) and U (215 ppm). Th/U ratios vary between 0.10 and 0.76, mostly clustering around 0.2-0.3. fig. 8b ), all samples except 04HN207 exhibit significant negative anomalies of Ba, Nb, Sr, and P and positive anomalies of Rb, Th, and K.
Sr-Nd Isotopes
Eleven Wuzhishan samples were analyzed for SrNd isotopes ( fig. 9 ), suggesting the involvement of two major components in their origin.
The Nd model age (T DM ) ranges from 1.09 to 1.83 Ga. It is noted, however, that the analyzed samples exhibit significant Sm/Nd fractionation that affects the single-stage T DM age to varying degrees. To minimize this effect, a two-stage Nd model age (T 2DM ) is calculated using the same assumption formulation as Keto and Jacobsen (1987) :
where f cc , f DM , and f s are the f Sm/Nd values of the average continental crust ( ), the depleted f p Ϫ0.4 cc 
mantle (
), and the measured sample, f p 0.08592 DM respectively, and t is the formation age of the granite. It is noteworthy that the assumption of a uniform Sm/Nd ratio equal to that of the average continental crust for the protoliths of all granites may not be true. The T 2DM model ages of Wuzhishan rocks are restricted to the Mesoproterozoic, ranging from 1.29 to 1.54 Ga.
Petrogenesis
The less felsic rocks in the Wuzhishan Orthogneiss are typical of calc-alkaline I-type granites, as indicated by their metaluminous nature and the presence of hornblende. The highly felsic (172% SiO 2 ), hornblende-free samples, on the other hand, are peraluminous and high in total alkaline and . They are considered as the fractionated * FeO /MgO I-type, rather than S-and A-type, granites, formed by extensive fractionation of plagioclase, hornblende, and biotite from the calc-alkaline magma. Evidence for such an interpretation includes the following: (1) their A/CNK value does not exceed 1.1, in contrast to those highly felsic S-type granites that are usually strongly peraluminous with A/ CNK values 11.1 (Chappell 1999) ; (2) these rocks show a marked decrease in P 2 O 5 when the silica contents are high ( fig. 5 ), a diagnostic feature of Itype granites when apatite reaches saturation in less peraluminous magmas (Chappell 1999) ; and (3) the relatively low contents of Zr, Nb, Y, LREEs, and Ga, low (!2.7), and high 10,000 # Ga/Al (4-8) are suggestive of fractionated I- * FeO /MgO type rather than A-type granites (Whalen et al. 1987) . A few Wuzhishan rocks contain minor amounts of garnet, which is normally absent from I-type granites but common in S-type granites. This was likely caused by mixing with peraluminous crustal melts (discussed in detail below). Calc-alkaline, I-type granitoids of intermediate to felsic chemistry are usually generated by lowdegree partial melting or by advanced assimilation fractional crystallization of mantle-derived basaltic sources. Experimental studies indicate that dehydration melting of basaltic amphibolites may produce melts of intermediate to silicic compositions, leaving behind a granulite residue at 8-12 kbar and garnet granulite to eclogite residues at 12-32 kbar (see, e.g., Rushmer 1991; Rapp and Watson 1995) . These resultant melts are usually low in K 2 O and high in Na 2 O/K 2 O. Using medium-to high-K basaltic compositions as starting materials, K-rich melts ( ) can be produced for those
high-silica melts, but those intermediate melts
All the Wuzhishan rocks are exclusively medium to high K with Na 2 O/K 2 O !1; thus, partial melting of basaltic protoliths is not favored for their origin. The least felsic sample (04HN207) has chemical compositions very similar to those of arc andesites in the Andes at comparable SiO 2 levels (HickeyVargas et al. 1989 ). In the primitive-mantlenormalized spidergram ( fig. 8b) , it is characterized by significant negative anomalies of Nb, P, Ti, and, to a lesser extent, Sr, resembling the normal arc rock, rather than adakite, which is distinguished by the pronounced positive Sr anomaly, low abundance of HREE, and high Sr/Y and La/Yb ratios (Defant et al. 1992 ). Thus, the Wuzhishan intermediate rocks might have a petrogenetic process similar to that of continental arc andesites that were generated through fractional crystallization of basaltic magma originated from a metasomatized mantle wedge above a subduction zone (Tatsumi and Eggins 1995) . This is supported by their Nd-Sr isotopic compositions, which fall into the range of continental arc basalts ( fig. 9 ). Advanced fractionation of plagioclase, hornblende, and biotite resulted in the more felsic rocks. Sun and McDonough (1989) . Average andesite and adakite compositions are from Hickey-Vargas et al. (1989) and Defant et al. (1992) . Figure 9 . Plot of Nd(T) versus I Sr for the Wuzhishan Orthogneiss. Sr-Nd isotopic composition ranges for midocean ridge basalts (MORB), island arc basalts, and continental arc basalts are from compilation of Tatsumi and Eggins (1995) .
We note that some highly felsic rocks have very high K 2 O content (exceeding 6%) that could not have been generated solely by fractional crystallization. Negative correlations of SiO 2 and K 2 O versus Nd(T) value ( fig. 10) clearly argue for the involvement of crust-derived melts in the granitic petrogenesis, although quantitative modeling is hampered by a lack of systematic geochemical and isotopic data for the coeval mantle-derived mafic rocks and the regional crustal components. Mixing of mantle-derived, fractionated mafic to intermediate magma and crustal melts has been considered the major petrogenetic process producing the calcalkaline rock suite typical of continental arcs, such as the western U.S. Cordillera magmatic arc (Barth et al. 1995) . In general, the Wuzhishan granitic rocks show close affinities to the I-type granites formed in continental margin arcs.
Tectonic Implications
The concept of the Indosinian Orogeny was originally defined by the unconformable Upper Triassic red beds overlying the deformed Middle Triassic and older metamorphic rocks in northern Vietnam (Deprat 1914; Lacassin et al. 1998 ). This orogeny was attributed to the eastward subduction of the Paleo-Tethys ocean plate and collision between the Sibumasu and Indochina blocks. The timing of the subduction and collision is generally regarded as in the range of Late Permian to Early Triassic, with ductile deformation and high-temperature metamorphism clustering around 250-240 Ma (e.g., Lepvrier et al. 1997 Lepvrier et al. , 2004 Carter et al. 2001) . The Indosinian structures in Vietnam strike mainly E-W to NW-SE (Lepvrier et al. 2004) .
Our new SHRIMP U-Pb zircon age results indicate that the arc magmatism on Hainan Island took place in the late Early Permian (ca. 270-260 Ma). The gneissic foliation of the Wuzhishan Orthogneiss dips to the southeast; its orientation is consistent with the generally NE-to ENE-trending structures in the Paleozoic successions in Hainan Island and the Southeast China continent ( fig. 1 ). The timing of magmatic arc and the structure trends in Hainan Island seem to be different from those in northern Vietnam (Lepvrier et al. 2004) . However, it is unclear whether they are genetically related.
It has been commonly accepted that a continental magmatic arc existed along the southeastern coast of South China (e.g., Jahn et al. 1990; Zhou and Li 2000) , but it is unclear exactly when the arc was initiated. In view of the lack of widespread arc volcanism in the early Mesozoic along the coastal region, it was suggested that the arc system was probably not initiated until around mid-Jurassic, when the final suturing between the North and South China blocks slowed down the northward movement of the South China Block (Li 1998) . Our work here for the first time demonstrates that the arc system probably started as early as the late Lower Permian time (fig. 11) . The Late Permian to earliest Triassic metamorphism was reported in Taiwan (260-240 Ma; Yuan et al. 1985; Jahn et al. 1992) . Farther inland, currently on the other side of the Taiwan Strait, the contemporaneous 252-242 Ma syenites were recently identified in northwestern Fujian (Wang et al. 2005) . These syenites are typical ultrapotassic to potassic rocks characterized by strong enrichment in large-ion lithophile elements and LREEs and depletion in high-fieldstrength elements, strikingly similar to those of high-K/Ti and low-Ti potassic magmas formed in subduction-related settings (Rogers 1992 ). We consider the contemporaneous metamorphism and ultrapotassic magmatism evidence of the possible existence of a northeastern extension of that arc system ( fig. 11b) .
The presence of a continental arc off the present southeastern coast of South China is also consistent with the sudden change in the sedimentary environment in the Permian time. As shown in figure 11a, South China was almost entirely covered by platformal carbonate during the Carboniferous to earliest Permian time (Liu and Xu 1994) . It is thus most likely that a passive margin was off its southeastern coast (present coordinates; fig.  11a ). However, such a low-energy sedimentary environment suddenly ceased during late Early Permian (ca. 270 Ma; fig. 11b ), when an elongated uplift developed along the southeastern coast and clastic sediments were shed from this uplift into an inland basin, a possible foreland basin (Li 1998) . This event coincides with the timing of arc magmatism on Hainan Island reported in this study and may indicate the initiation of the continental arc system ( fig. 11b ). This active continental margin in South China was likely triggered by the onset of the North China-South China continental collision at late Early Permian (ca. 270 Ma; Zhao and Coe 1987) , which retarded the rate of northward drift of the South China Block.
Conclusions
SHRIMP U-Pb zircon analysis suggests that the Wuzhishan granites were crystallized at 267-262 Ma. They show close geochemical and Sr-Nd isotopic affinities to the calc-alkaline I-type granites formed in continental arc, suggesting an active continental margin off the present southeastern coast of South China in late Early Permian time. This emerging orogeny, i.e., the South China Indosinian Orogeny, resulted from the oceanic subduction during the late Early Permian and uplifted the coastal region and shed terrestrial sediments to the inland. 
